ABSTRACT: Ingestion of Toxoplasma gondii tissue cysts can result in severe disease in immunocompromised individuals and pregnant women. Treatment of meat and meat products to eliminate viable T. gondii tissue cysts would provide a means to protect consumers. In this study, we examined the effects of high-pressure processing (HPP) on ground pork containing viable tissue cysts of the VEG strain of T. gondii. Ground pork containing tissue cysts was exposed to 400, 300, 200, 100, or 0 MPa treatment for 30, 60, or 90 sec in a commercial HPP unit. The HPP-treated ground pork was subjected to acid-pepsin digestion and bioassayed in mice. The results of the mouse bioassay revealed that none of the mice inoculated with tissue cysts exposed to 400 or 300 MPa became infected, whereas all mice inoculated with tissue cysts exposed to 200, 100, or 0 MPa became infected with T. gondii regardless of exposure time. Results indicate that HPP treatment of ground pork with 300 MPa of pressure will render tissue cysts of T. gondii nonviable and make pork safe for human consumption.
Toxoplasma gondii is a protozoan parasite that infects humans and most other warm-blooded animals. Humans become infected by ingesting meat containing tissue cysts or by ingesting oocysts in the environment. It is estimated that there are 1,500,000 cases of toxoplasmosis in the United States each year and about 15% of those infected having clinical disease (Mead et al., 1999; Jones, Kruszon-Moran et al., 2001) . Congenital toxoplasmosis has long been recognized because of the devastating results it can have on the infected fetus (Jones, Lopez et al., 2001) . The relative importance of meat or oocysts as a source of human infection in the United States is unknown.
High-pressure processing (HPP) has been shown to be an effective nonthermal means of eliminating non-spore-forming bacteria from a variety of food products (Tewari et al., 1999; Flick, 2003) . The shelf life of the products is extended, and the sensory features of the food are not or only minimally affected by HPP. Other advantages of HPP over traditional thermal processing include reduced processing times, minimal heat damage problems, retention of freshness, flavor, texture, and color; no vitamin C loss; no undesirable changes in food during pressure-shift freezing because of reduced crystal size and multiple icephase forms; and minimal undesirable functionality alterations (Tewari et al., 1999) .
Little has been published on the effects of HPP on parasites in food. Ohnishi et al. (1992 Ohnishi et al. ( , 1994 determined that pressures of greater than 200 MPa kill 8-wk-old Trichinella spiralis larvae. Gamble et al. (1998) determined 55-60 MPa did not kill all T. spiralis larvae in pork tenderloin or diaphragm. Treatment at 200 MPa for 10 min at temperatures between 0 and 15 C kills Anisakis simplex larvae, with a lack of motility being used as an indicator of larval death (Molina- Garcia and Sanz, 2002) . Dong et al. (2003) found that times and pressures required to kill 100% A. simplex larvae in king salmon and arrowtooth flounder were 30-60 sec at 414 MPa, 90-180 sec at 276 MPa, and 180 sec at 207 MPa. Slifko et al. (2000) examined the effects of 550 MPa on Cryptosporidium parvum oocysts in apple and orange juice. They determined that a 60-sec exposure at 550 MPa was 100% effective in decreasing infectivity of oocysts for cell cultures.
The brains from 6 mice having tissue cysts of the VEG strain of T. gondii (Dubey et al., 1996) were shipped by overnight carrier from the Animal Parasitic Diseases Laboratory, Beltsville, Maryland, to the Center for Molecular Medicine, Virginia Tech, Blacksburg, Virginia. The brains were mixed with ground pork until a 60-g sample was present. Brains and pork were mixed manually with a spatula for approximately 5 min. The ground pork had been purchased commercially and had been frozen at Ϫ80 C for 2 days to kill any T. gondii tissue cysts that might have been present. Four grams of the pork and mouse brain mixture were placed in plastic bags and used for each treatment. Four grams of the source ground pork was not mixed with mouse brains and was used as a negative control. The bags were compressed to force out air and to obtain a uniform thickness of 3-4 mm. The bags were then sealed with a sealing machine. The bags were placed in additional bags and vacuum-sealed. The vacuum-sealed bags containing pork-mouse brain mixture were used for HPP. Two days elapsed between killing of T. gondii mice infected with the VEG strain, treatment with HPP, and mouse bioassay; during this time, materials were kept cold (4-10 C). Table I shows the pressures and exposure times examined in the HPP study. The bags were placed into a commercial HPP unit (Quintus Food Press QFP 35 L-600 model, Flow International Corporation [Avure Technologies], Kent, Washington) with a 7XS-6000-intensifier pump and a maximum operating pressure of 600 MPa. The HPP unit was installed and operated at Virginia Tech's Department of Food Science and Technology.
Samples of HPP-treated and control ground pork were shipped to the Animal Parasitic Diseases Laboratory, Beltsville, Maryland, on cold packs by overnight express courier. Samples were digested in acidpepsin solution and bioassayed in groups of 4 mice as described (Dubey, 1998) . Mice were inoculated subcutaneously in the dorsal scapular region with digested ground pork. During the study, impression smears were made from the brains or lungs of any mice that died and were examined unstained by light microscopy for tachyzoites. At 6 wk postinoculation, all surviving mice were bled from the retro-orbital plexus. The serum was collected and examined for antibodies to T. gondii in a modified direct agglutination assay (MAT) (Dubey and Desmonts, 1987) . The mice were killed 43 day postinoculation, and brain squashes of all mice were examined for tissue cysts, irrespective of serologic data (Dubey and Beattie, 1988) . Mice were considered negative if they had a negative MAT and no tissue cysts were seen in their brains. Mice were considered positive when T. gondii was demonstrable in tissues.
None of the mice inoculated with noninfected control ground pork became infected with T. gondii (Table I ). All mice inoculated with non-pressure-treated T. gondii tissue cyst containing ground pork became infected. Treatment of T. gondii containing ground pork with HPP at 300 or 400 MPa for 30 sec or longer completely eliminated infectivity for mice (Table I) . Treatment of T. gondii containing ground pork with HPP at 100 or 200 MPa for 90 sec did not eliminate infectivity for mice (Table I) .
The results of this study indicate that HPP can be used to render meat products free of viable T. gondii tissue cysts. Humans and other hosts can also become infected with T. gondii by ingesting oocysts in contaminated food or water. Oocysts treated with HPP for 60 sec at 550, 480, 400, or 340 MPa for 60 sec were rendered noninfectious for mice (Lindsay et al., 2005) . Oocysts treated for 60 sec with HPP at 100, 140, 200, or 270 MPa for 60 sec were infectious for mice (Lindsay et al., 2005) .
This study was financially supported in part by an Animal Health and Disease grant to D.S.L. and G.J.F. We thank Laura S. Douglas for her help with HPP treatment operations. We investigated whether variations in gene expression of enzymes associated with anaerobic resistance of laboratory-derived strains of Trichomonas vaginalis could be detected in a group of 28 clinical isolates with variations in metronidazole sensitivity. We compared isolates by real-time PCR because this method allows for highly sensitive quantification of mRNA and for evaluation of several genes simultaneously. We found that PFOR gene A mRNA levels were highly correlated with PFOR gene B levels, as well as the D subunit of malic enzyme and ferrodoxin. Ferrodoxin mRNA expression was also significantly correlated with that of malic enzyme and hydrogenase. However, when we evaluated relationships between these enzymes and resistance to metronidazole, we found no significant correlations between aerobic or anaerobic in vitro sensitivity to drug and mRNA levels of any of the enzymes tested. Similarly, using a Student's t-test, no significant differences in enzyme mRNA levels were observed between isolates separated by metronidazole resistance or susceptibility. The lack of correlation between gene expression and resistance or susceptibility could be the result of differences in expression at the protein level or because other biochemical pathways or genes are involved in the resistance observed in clinical settings.
Trichomonas vaginalis is a parasitic protozoan that causes the sexually transmitted disease known as trichomoniasis. Estimated annual incidence of trichomoniasis is over 8 million cases in North America and more than 170 million infections worldwide (Petrin et al., 1998) . Trichomonas vaginalis infections in women range from an asymptomatic carrier state to an acute, inflammatory disease of the genital tract and have been associated with preterm labor and associated low birth weights. In males, T. vaginalis can cause urethritis and prostatitis. In addition, trichomoniasis is also associated with increased HIV transmission (Sorvillo and Kerndt, 1998; Buve et al., 2001; Chesson et al., 2004) .
The 5-nitroimidazoles, especially metronidazole, are the most widely used antimicrobial agents for the treatment of trichomoniasis. However, metronidazole resistance is an increasingly recognized problem in treating patients infected with trichomoniasis (Sobel et al., 1999) . Metronidazole enters the parasite by passive diffusion as a nonlethal prodrug. Once inside the cell, metronidazole is reduced, resulting in the generation of nitro radicals, which lead to DNA damage and cell death. Trichomonas vaginalis cells use pyruvate-ferrodoxin oxidoreductase (PFOR) and ferrodoxin-linked enzymes to metabolize pyruvate to acetate via acetyl coenzyme A to gain ATP (Edwards, 1993) . When a nitroimidazole is present, its nitro groups capture electrons from ferrodoxin, and the nitro radicals are generated.
Resistance to nitroimidazoles has been studied mainly in laboratorygenerated T. vaginalis strains grown continuously in sublethal concentrations of metronidazole. Both aerobic and anaerobic mechanisms of resistance have been observed in these in vitro-derived isolates (Upcroft and Upcroft, 2001 ). Anaerobic resistance is associated with a decrease in PFOR and hydrogenase activity, thus resulting in less activation of metronidazole (Brown et al., 1999; Kulda, 1999; Land et al., 2001 ). In contrast, aerobic resistance is thought to be due to impaired oxygen scavenging Yarlett et al., 1986) possibly because of decreased oxidase activity. However, changes in oxidase levels have been shown to be modest compared with changes in hydrogenases; moreover, oxidase activity might be a result of cytoplasmic oxidases, unrelated to drug resistance (Upcroft and Upcroft, 2001) . Additionally, decreased hydrogenase activity (Ellis et al., 1992) and ferrodoxin insufficiency Quon et al., 1992) , attributed to anaerobic resistance, has been shown in some clinical samples. Finally, these 2 types of resistance might not be exclusive of each other as a prelude to anaerobic resistance because it has been demonstrated that aerobic resistance might occur in a stepwise manner with an accumulation of biochemical changes (Kulda, 1999; Rasoloson et al., 2002) .
The few studies that have been performed with clinical isolates show that they tend to differ from established laboratory strains in that (1) resistance levels are not as great as those in isolates induced in the laboratory and (2) resistance developed clinically is primarily observed under aerobic conditions. However, decreases in activity of the enzymes associated with anaerobic resistance to metronidazole have been reported in clinical isolates (Quon et al, 1992; Voolmann and Boreham, 1993) and in isolates with laboratory-induced aerobic resistance (Rasoloson et al., 2002) . Thus, we wanted to investigate whether variations in gene expression of enzymes associated with anaerobic resistance of laboratory-derived strains could be detected in a group of clinical isolates with variations in metronidazole sensitivity. We used real-time PCR to compare isolates because this method allows for highly sensitive quantitation of mRNA of small sample size and for evaluation of several genes simultaneously. In addition to increasing our understanding of metronidazole resistance in trichomonads, we anticipated that this technique might also allow us to identify which gene is responsible for clinical resistance to metronidazole. If this were accomplished, the finding could in turn provide the basis for a more rapid detection methodology for verification of isolate drug resistance with the use of molecular biology techniques.
The isolates used in this study came from cryopreserved organisms sent to the Centers for Disease Control and Prevention for metronidazole susceptibility testing. Trichomonads were grown at 37 C in Diamond's trypticase-yeast extract-maltose (TYM) medium (Diamond, 1957) supplemented with 10% heat-inactivated bovine serum. An in vitro metronidazole assay was performed for each isolate as originally described by Meingässner et al. (1978) and modified by Narcisi and Secor (1996) . Briefly, cells were incubated in increasing levels of metronidazole (0.2 to 400 g/ml) for 48 hr under both aerobic and anaerobic conditions. The minimum lethal concentration (MLC) was determined to be the lowest concentration of metronidazole at which no motile cells were found. Each assay was performed twice in triplicate for each isolate tested. The MLCs of the 28 clinical isolates used in this study ranged from 1.6 g/ml to Ͼ400 g/ml under aerobic conditions and from 0.2 g/ml to Ͼ400 g/ml under anaerobic conditions.
Trichomonads from late logarithmic phase of growth were collected by centrifugation and washed with phosphate-buffered saline. Total RNA was extracted from trichomonas cultures by RNeasy Total RNA Extraction kit (Qiagen, Valencia, California) and RNase-Free DNase Set (Qiagen) following the manufacturer's recommendations. The quantity and the quality of the RNA were estimated by spectrophotometry at 260 nm and with an RNA 6000 Nano LabChip (Agilent Technologies, Palo Alto, California).
Primers were designed on the basis of T. vaginalis gene sequences available in the GenBank database with Primer Express Software 2.0.0 (Applied Biosystems, Foster City, California). The positions of each set of primer pairs were targeted toward nonconserved regions of each gene after specific cDNA synthesis by random priming. Sequence similarities of all primers were checked with the Basic Local Alignment Search Tool (BLAST 2.0, National Center for Biotechnology Information, Bethesda, Maryland). Sequences for PCR primers are presented in Table  I , together with the accession numbers of each target gene. Primers were synthesized by the Emory University Microchemical Facility. Samples were analyzed with a Bio-Rad Light Cycler, as recommended by the manufacturer, with SYBR green (Applied Biosystems) for product quantitation. The 25-l reaction mixtures contained 20 pmol of each target sequence, 10 l of SYBR green PCR master mix, 5 l of DNAdiluted template corresponding to 7.5 to 30 g DNA (depending on experimental sample), and RNase-free water to complete the 25-l volume. The conditions for real-time PCR were 900 sec at 95 C for enzyme activation; then 6 pairs of touchdown cycles were added as follows: 15 sec at 95 C for denaturation, 30 sec at 63 C for annealing, 30 sec at 72 C for extension, and 15 sec at 81 C (temperature above the melting point of primer dimers) for a final data acquisition step, progressively decreasing the annealing temperature by 1 C, down to 58 C, to finally replicate the last step 40 times. An additional step from 60 C to 95 C (0.2 C/sec) was added in both cases to obtain a denaturation curve specific for each amplified sequence.
Amplicons were generated from DNA extracted from T. vaginalis isolates. Following successful gene-specific amplification, PCR products corresponding to target gene fragments or housekeeping genes were cloned into the pCRII TOPO vector according to manufacturer's recommendations (Invitrogen, Carlsbad, California). Plasmid DNA from selected colonies was isolated and purified with Qiaprep spin miniprep kit (Qiagen) and subsequently sequenced. DNA was quantitated with the use of a spectrophotometer at 260 nm. Calibration curves with DNA containing the target sequences were used for quantitative assessment of the enzyme genes. The increment in fluorescence versus reaction cycle was plotted, and the threshold cycle (Ct) was obtained by manually positioning the threshold baseline at 30 fluorescence units of the first-derivative curve.
Standard curves were obtained by plotting Ct as a function of the log of the copy number of target DNA. For this purpose, recombinant plasmids containing the standard sequences were linearized with 10 U of SalI and incubated at 37 C for 1 hr (Appligene-Oncor, Illkirch, France). Tenfold serial dilutions of the linearized plasmids, ranging from 10 1 to 10 8 , were used as template, by duplicate, to determine the calibration curves. Three points of the standards were used as positive controls in each reaction. Calculation of enzyme mRNA copy numbers was based on standard curves of 3-fold dilution series representing the plot of Ct values versus the log of copy numbers included in each PCR run. Enzyme mRNA copy numbers for the various isolates were standardized by normalization to T. vaginalis ribosomal DNA. Data were analyzed by correlation analysis between different enzyme mRNA levels or between enzyme mRNA levels and MLC results for a given isolate under either aerobic or anaerobic conditions. Because multiple correlations were tested, Bonferroni correction, in which P values are multiplied by the number of analyses performed, was employed. P Յ 0.05 was considered significant.
As shown in Table II , coordinate regulation of expression between mRNA levels of the various enzymes tested was strong. Those that remain significant after Bonferroni correction (P ϫ 10) are in bold type. Not surprisingly, PFOR gene A mRNA levels were highly correlated with PFOR gene B levels. PFOR gene A mRNA levels were also significantly correlated with the D subunit of the malic enzyme, ferrodoxin, and hydrogenase mRNA levels, although following Bonferroni correction, the correlation with hydrogenase was no longer significant (P ϭ 0.056). Ferrodoxin mRNA expression was also significantly correlated with that of malic enzyme and hydrogenase. The high number of correlations between these genes suggests coordinated expression of these enzymes. It must be acknowledged, however, that mRNAs, because of posttranslational influences, are not necessarily reliable predictors of enzyme levels.
Conversely, when we evaluated relationships between these enzymes and resistance to metronidazole, we found no significant correlations between aerobic or anaerobic MLCs and mRNA levels of any of the enzymes tested, even before Bonferroni correction (data not shown). Similarly, no significant differences in enzyme mRNA levels were observed by Student's t-test between isolates separated by metronidazole resistance (aerobic MLC Ն 100 g/ml, n ϭ 15) or susceptibility (aerobic MLC Յ 50 g/ml, n ϭ 13).
These results were disappointing both with respect to discovery of the mechanism of metronidazole resistance in clinical isolates as well as the hope that identification of a single or limited number of genes would facilitate development of a method for rapid molecular detection of resistance. Although several studies have correlated metronidazole resistance to reduction in hydrogenosomal enzyme gene expression (Brown et al., 1999; Land et al., 2001 ), a recent study that targeted disruption of the ferrodoxin gene failed to confer resistant to metronidazole under either aerobic or anaerobic conditions (Land et al., 2004) . In this study, although PFOR mRNA levels were not significantly altered, PFOR enzymatic activity was reduced by 95%, also suggesting that it was not critical for metronidazole activation. Nevertheless, ferrodoxin-deficient parasites were capable of producing molecular hydrogen, albeit at a reduced level, demonstrating that ferrodoxin and PFOR were not necessary for hydrogen production. The authors suggested that alternative ferrodoxins, flavodoxins, or other biochemical pathways were responsible for the hydrogen produced and perhaps the retained ability of these parasites to activate metronidazole as well (Land et al., 2004) . A gradual build up of metronidazole resistance has been suggested on the basis of a stepwise accumulation of mutations that affect expression of genes for hydrogenosomal proteins involved in drug activation and complete anaerobic resistance in laboratory-derived strains (Rasoloson et al., 2002) . It could be that these early events in resistance are not detectable in clinically resistant isolates, even with the use of highly sensitive methods such as real time PCR.
Alternatively, it could be that the aerobic type of resistance typically observed in clinical isolates of T. vaginalis that respond poorly to metronidazole treatment has a mechanism independent of that of strains displaying anaerobic resistance (Upcroft and Upcroft, 2001) . Our data, and those of others (Rasoloson et al., 2001) , are consistent with this idea. Trichomonads with aerobic resistance have defective oxygen scavenging Yarlett et al., 1986) , have more intracellular oxygen, and are more sensitive to environmental oxygen than are metronidazole-sensitive isolates (Rasoloson et al., 2001 ). Unfortunately, no specific genes associated with oxygen sensitivity have been identified that could be tested by real time PCR to correlate expression with sensitivity to metronidazole.
By evaluating the expression of genes that have been hypothesized to be responsible for the anaerobic type of metronidazole resistance typically observed in laboratory isolates, we were unable to identify a mechanism or a marker for clinical resistance. We think that further work in this area is warranted, however, because molecular epidemiology linkage studies suggest that a single gene could be responsible for conferring metronidazole resistance in clinical isolates (Snipes et al., 2000) . As additional candidate genes are identified, a process that should be greatly facilitated by the recent release of the T. vaginalis genome sequence, real-time PCR can be used to evaluate whether their expression is altered in metronidazole-resistant isolates.
We thank Nina McNair and Maria-Teresa Bonafonte for their technical assistance. This study received support from the research project ''Gene Expression in Drug Resistant Trichomonas vaginalis,'' Emory School of Medicine, Emory University. LITERATURE CITED FIGURE 1. Rounded 10 m structures obtained from (A; ϫ 400), stained with 10% lugol (B; ϫ 1,000) and 3% Sudan IV (C; ϫ 1,000). Taenia solium oncospheres fixed on a glass slide and stained with Sudan IV (D), and H-E (E), and after inoculation in pork (F; ϫ 1,000; H-E). Note the hooks and basophile-nuclei cells in its interior. Major divisions in the scales are 10 m apart. FIGURE 2. Numbers of 10 m rounded structures per 10 l of pellet of saline-homogenized pork taken from cysticercotic pigs (above) or uninfected pigs (below) at different times after necropsy.
Each pellet was separated in 3 samples. One was stained with 3% Sudan IV and 10% lugol for direct microscopic observation; a second sample was centrifuged with ether to eliminate fat, and the third sample was centrifuged by density gradient with sucrose to remove debris. Muscle samples taken at different times after necropsy (0, 1, 2, 3, 4, and 16 hr) were processed to determine if the number of structures found could vary with time.
As positive controls, T. solium oncospheres were extracted from gravid proglottids using 0.75% sodium hypochlorite for 10 min at 4 C as previously described (Verastegui et al., 2000) , fixed with polylisine in glass slides, and stained with 10% lugol, 3% Sudan IV, H-E, and Pollack. The same oncospheres were also inoculated with a tuberculin needle into the center of cubic blocks of 1 cm per side of noninfected pork (n ϭ 1,000 per inoculation site). These were later fixed in formaldehyde and then stained with H-E.
Microscopic observation of the pellets in both infected and noninfected pigs showed a series of brownish, refringent, spherical structures of approximately 10 m of diameter, and without any defined interior structure. These stained homogeneously red with Sudan IV (Fig. 1) . The sucrose gradient did not completely separate the detritus from the pellet and microscopy did not improve. After centrifugation of the pellets with ether, the above-described structures were not found (only cellular detritus). The numbers of these structures found in the pellets from the 5 uninfected and the 5 cysticercus-infected pigs at different times are shown in Figure 2 . There were no significant differences between groups. Similarly, there was no relation between the numbers of these structures and the type of muscle evaluated.
The microscopic observation of the positive control oncospheres showed them with an ellipsoidal shape and a diameter of approximately 20 m, with typical morphological characteristics as described by Yoshino (1933) . These included defined borders, the presence of hooks, and clearly defined basophilic-nuclei cells in the interior (Fig. 1E) . After being inoculated into pig muscle, they maintained their ellipsoidal shape, but with a smaller diameter (approximately 10-15 m) (Fig. 1F) .
Our observations confirm the presence of 10 m structures in the eluted pellet from pork, similar to those described by Jimenez et al. (1995) , but do not suggest a post-oncospheral latent stage, and could be nothing more than an artifact of the processing procedure. Although T. solium oncospheres have similar size after inoculation into pork, the above-described structures are present in cysticercotic and uninfected pigs, do not have the shape of positive control oncospheres, and none of the structures resembled hooks or blastomeres. They stain differently (homogeneously) with Sudan, and disappear after centrifugation with ether, suggesting a lipid nature. Finally, they were not found on histological examination of muscle samples from either infected or uninfected pigs.
